Abstract. The two-nucleon interaction derived in chiral effective field theory is used to investigate the saturation properties of symmetric nuclear matter at next-to-leading order. Pauli blocking effects in the two-pion exchange diagrams are shown to produce an effective attraction in nuclear matter. Within the last two decades, effective field theory has provided new methods for nuclear structure investigations. Two-, three-and four-nucleon interactions based on the most general chiral effective pion-nucleon Lagrangian have been developed based on Weinberg's power counting scheme. The phase shifts of the nucleon-nucleon interaction below the pion production threshold are reproduced with a precision that is comparable with the one achieved by modern phenomenological two-nucleon potentials, when pushing the expansion to the order N 3 LO, 1 see Refs. [1, 2] . These forces together with three-nucleon forces at N 2 LO have been applied to a cornucopia of reactions. In particular, various three-nucleon scattering observables have been analyzed at low and intermediate energies showing, in general, a good agreement with the data. The binding energies of 3 He and 4 He have been reproduced successfully once the leading three-nucleon force is included. Within the framework of the no-core shell model, the chiral forces have been used to study nuclei with A = 7, 10 . . . 13 systems, in particular the sensitivity to the three-nucleon force, see [3, 4] for more details. Recent progress in these fields is reviewed in Ref. [5] . Given these successes, the question arises whether effective field theory can contribute to the solution of the nuclear matter problem. First groundbreaking attempts in this direction have been done by the Munich group, see e.g. Refs. [6, 7] (and references therein). In the present communication, we apply the NLO version of the chiral nucleon-nucleon interaction to symmetric nuclear matter. This differs from the Munich approach which concentrates on the development of a chiral effective interaction to be used exclusively in the nuclear medium without link to the two-nucleon interaction in the vacuum. In Ref.
Within the last two decades, effective field theory has provided new methods for nuclear structure investigations. Two-, three-and four-nucleon interactions based on the most general chiral effective pion-nucleon Lagrangian have been developed based on Weinberg's power counting scheme. The phase shifts of the nucleon-nucleon interaction below the pion production threshold are reproduced with a precision that is comparable with the one achieved by modern phenomenological two-nucleon potentials, when pushing the expansion to the order N 3 LO, 1 see Refs. [1, 2] . These forces together with three-nucleon forces at N 2 LO have been applied to a cornucopia of reactions. In particular, various three-nucleon scattering observables have been analyzed at low and intermediate energies showing, in general, a good agreement with the data. The binding energies of 3 He and 4 He have been reproduced successfully once the leading three-nucleon force is included. Within the framework of the no-core shell model, the chiral forces have been used to study nuclei with A = 7, 10 . . . 13 systems, in particular the sensitivity to the three-nucleon force, see [3, 4] for more details. Recent progress in these fields is reviewed in Ref. [5] . Given these successes, the question arises whether effective field theory can contribute to the solution of the nuclear matter problem. First groundbreaking attempts in this direction have been done by the Munich group, see e.g. Refs. [6, 7] (and references therein). In the present communication, we apply the NLO version of the chiral nucleon-nucleon interaction to symmetric nuclear matter. This differs from the Munich approach which concentrates on the development of a chiral effective interaction to be used exclusively in the nuclear medium without link to the two-nucleon interaction in the vacuum. In Ref. [8] , nuclear matter has been studied with a lowmomentum two-nucleon force V low−k derived from the Ar-gonne v 18 potential via renormalization group techniques. It was found that the low-momentum interactions can be used in second order perturbation theory to describe nuclear matter, provided Pauli blocking effects due to the medium are properly included. This finding suggests that a resummation of the ladder diagrams, as it is mandatory in Brueckner theory, can be avoided. Recently, the simplified version AV 6 ′ of the Argonne potential has been used in a quantum Monte Carlo study of symmetric nuclear matter [9] . For Fermi momenta less than k F = 1.33 fm −3 , the binding energies obtained for nuclear matter are not smaller than the ones calculated within the Fermi hypernetted chain approach or the Brueckner Hartree-Fock method [10] . This fact is interpreted as evidence for the inadequacy of three-nucleon interaction models for all densities [9] .
Both the two-nucleon potential derived from effective field theory and V low−k derived from any of the highprecision NN potentials can be characterized by the fact that the large momentum components of the interaction are removed, in contrast to meson-exchange potentials.
The chiral potential differs from phenomenological ones, such as v 18 , by its power counting scheme which allows systematic improvements. In Ref. [13] , the pion-nucleon vertices are systematically taken from the chiral expansion of the pion-nucleon interaction. The two-nucleon interaction is generated by eliminating the pion-two-nucleon states via the FST-Okubo projection method [11, 12] . The two-pion exchange diagrams relevant for the discussion of nuclear matter properties are shown in Fig.1 for the order NLO. The Weinberg-Tomozawa term generates a class of triangle diagrams (c) characterized by one internal nucleon line. Moreover, there are diagrams with two internal nucleon lines, such as the crossed-box two-pion exchange graph (a). Notice that the class of box two-pion exchange diagrams (b) in Fig.1 is not two-nucleon reducible and therefore has to be iterated when solving the Schrödinger equation for two-nucleon scattering [14] . Also present are the so-called football diagrams (d), however, these do not have internal in-medium nucleon propagators. In the nuclear medium, the two-nucleon interaction evaluated in the vacuum is strongly modified by Pauli blocking effects.
The most important and well-known Pauli blocking effect affects the intermediate two-nucleon states. For the chiral two-nucleon interaction, there are additional Pauli blocking effects due to the intermediate one-and two-nucleon propagators in the diagrams shown in Fig.1 . Formally, these Pauli blocking effects can easily be taken into account. The chiral potential is derived in Ref. [14] using the FST-Okubo method of unitary transformations, introducing a projector η on the two-nucleon space and a projector λ for the remaining part of the Fock space which consists of two-nucleon and one-pion or multi-pion states. The corresponding unitary operator is parametrized in terms of the transition operator A = λAη which fulfills the decoupling equation
This equation is solved perturbatively utilizing the chiral power counting. Once A is computed at a given order in the chiral expansion, the effective Hamilton operator acting on the nucleonic subspace of the Fock space can be obtained in a straightforward way. In the nuclear medium, one has to introduce medium-modified projectors
ellipses refer to components with two and more pions, . The empirical saturation point is given by the black circle.
momenta of the two nucleons and the pion are denoted by k 1 , k 2 and q π , repectively. The diagrams shown in Fig.1 require loop integrations over non-trivial integration volumes defined by the Pauli blocking constraints. The binding energy is obtained by summing all two-nucleon reducible diagrams, as it is done in Brueckner-Hartree-Fock theory. Therefore, the perturbative calculation of Ref. [8] can be considered as the limit of the present approach for weak potentials. At NLO, genuine three-body forces
are not yet included. 2 The two-nucleon interactions derived in Ref. [2] are characterized by two regulators, the cut-offΛ introduced in the spectral function representation of the two-pion exchange diagrams and the cut-off Λ required for the non-perturbative renormalization of the Lippmann-Schwinger equation. The actual potentials are derived for a large set of regulatorsΛ and Λ in order to generate theoretical error bands for a given order of the expansion. Nuclear matter introduces a new scale into effective field theory, the Fermi momentum, empirically given by k F = 262 MeV. The effective two-nucleon interaction in nuclear matter should be able to describe momentum transfers of about 2k F . Therefore we have restricted the nuclear matter calculations to those potentials which have Lippman-Schwinger regulators Λ ≥ 500 MeV. Fig. 2 shows the binding energy per particle as a function of the Fermi momentum k F for the NLO potential of Ref. [2] derived for Λ = 550 MeV andΛ = 500 MeV. densities. One finds that at NLO, the chiral two-nucleon interaction produces a saturation point for nuclear matter, though not at the empirical values for the density and binding energy.
In Refs. [8] , the three-body forces were found to be essential in order to obtain saturation in a perturbative scheme. In the chiral approach of Ref. [7] , the effect of three-body forces has been studied in detail. The calcu-lation including three-body forces saturates at the empirical density of nuclear matter ρ exp = 0.160 fm −3 , if a pion-nucleon form factor of monopole type is used with a cut off Λ 0 = 1145 MeV. A calculation without threebody forces can obtain saturation at ρ exp , provided the cut off is reduced to Λ 0 = 770 MeV. The saturation found in the present calculation is entirely due to the regulators because there are no three-body forces at NLO. At order N 2 LO, chiral three-body forces appear which will reduce the sensitivity of the results to the choice of the regulators.
The present calculation provides quantitative results concerning the relevance of the Pauli corrections imposed by Eqs. (2,3) . We parameterize the saturation curves following Ref. [9] by
with x = ρ/ρ exp and ρ exp = 0.160 fm −3 and obtain a binding energy E 0 /A = −18.35 MeV at a Fermi momentum k F = 1.60 fm −1 for the calculation which includes the Pauli blocking effects due to Eqs. (2, 3) . The compression modulus of nuclear matter then is given by K = 279 MeV, corresponding to α = 5.0 MeV and β = −0.34 MeV. This is slightly larger than the value of the compression modules derived from giant resonances, K = (260 ± 10) MeV [17] . A discussion of the model dependence of the compression modulus can be found in Ref. [18] . If one discards the Pauli blocking effects due to Eq.(3), the saturation point moves to E 0 /A = −15.30 MeV and k F = 1.57 fm −1 , and a compression modulus of K = 244 MeV is obtained. In order to understand the medium effects due to Eqs. (2,3) , we have studied the influence of the various classes of the bare two-nucleon interactions on the two-nucleon phase shifts by multiplying the contributions of individual diagrams with some numerical factor. For the most important 3 S 1 and 1 S 0 phase shifts, the (numerically) dominant contribution arises from diagrams a) in Fig.1 and is repulsive in both cases. In nuclear matter, the Pauli blocking of the diagrams involving two pion lines effectively reduces the repulsive contribution to the two-nucleon potential. Therefore, a gain of binding energy results, as seen in the calculations shown in Fig. 2 . Quantitatively, the gain of binding energy is large enough to pull the saturation curve below the empirical saturation point of nuclear matter. The overall gain of binding energy in the vicinity of the saturation density is about 3 MeV. Genuine three-body interactions tend to yield an overall repulsive contribution to the binding energy. The new class of Pauli blocking effects studied in the present work may therefore be helpful to move the theoretical saturation point closer to the empirical value. Ref. [2] shows error bands for each phase shift which reflect the theoretical uncertainty due to the choice of the regulators. In Fig. 3 we show the corresponding uncertainties for the nuclear matter saturation curve limiting ourselves to the variation of the cut-offΛ. The calculations have been performed omitting the Pauli blocking effects due to Eqs. (2,3) because the full inclusion of those effects is numerically time-consuming. This simplified calculation, however, already provides a reason- able estimation of the theoretical uncertainty. In the limit of low densities one observes that the binding energies do not depend on the regulator employed. A similar observation can be found in Ref. [7] . It may be understood as an illustration of Hugenholtz's well-known justification of Brueckner's method to describe the energy of a Fermi gas in the low density limit by summing the ladder diagrams of the two-body interactions [15] . At NLO, the saturation points are clearly cut-off dependent. The Fermi momentum at the saturation point varies from k F = 1.59 fm −3
to k F = 1.66 fm −3 , while the binding energy per particle moves from −15.3 MeV to −17.8 MeV.
One of the most successful effective interactions to be used for the description of nuclear ground states has been proposed by Skyrme, see Ref. [18] for a recent review. In its simplest version, this interaction introduces contact interactions which have an analytical structure similar to the contact terms of the chiral two-nucleon potential. The Skyrme interaction differs from chiral interactions by introducing a contact three-body term
A term like this is not produced by the leading chiral three-body interactions [16] . Moreover, if interpreted as a genuine three-body interaction, it leads to well-known spin instabilities [19] in nuclei signalled by the Landau parameter g 0 = −t 3 /8. In practical calculations, one therefore replaces the three-body interaction by a density-dependent two-body interaction v = t 3 /6ρ α with α = 1, effectively freezing the unphysical spin dependence of Skyrme's threenucleon interaction. For the following comparison, we do not try to interprete the density-dependent term as a genuine three-body interaction, but rather as an effective representation of a regulator. In Ref. [14] , an exponential regulator for the Lippmann-Schwinger equation has been used. In nuclear matter, the states close to the Fermi surface dominate. Therefore, one can approximate the averaged contributions to the potential energy by replacing the momentum in the regulator by the Fermi momentum and subsequently expanding the regulator, obtaining
The term proportional to β can be interpreted as an effective density-dependent interaction of the Skyrme type with a density dependence ρ α , the power of the density dependence being α = 2n/3. A least squares fit to the nuclear ground state energies and radii for a large set of nuclei has been performed in Ref. [20] as a function of the power α of the density dependence. The regulator employed in Ref. [14] is defined by n = 2 and corresponds to an exponent α = 4/3 of the density dependence of the Skyrme interaction. The corresponding Skyrme parameters t 0 , x 0 , t 1 , t 2 are displayed in Table 1 . The chiral two-nucleon interaction has contact terms proportional to C S and C T which translate into Skyrme parameters t 0 = C S − C T and x 0 = 2C S /(C S − C T ). Likewise, t 1 and t 2 can be obtained from the NLO terms C 1 and C 2 . Table 1 shows that the Skyrme parameters obtained from the two-nucleon interaction at order NLO agree in relative sign and are of the same order of magnitude as the ones deduced by fitting directly the bulk properties of finite nuclei.
The present study demonstrates the applicability of the chiral two-nucleon interactions to nuclear matter and justifies the efforts required to investigate the next-tonext-to-leading order.
